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Objective: To apply a new non-invasive method for quantification of in vivo wall shear stress (WSS) by magnetic 
resonance (MR) FAcE velocity mapping and measure WSS in the human abdominal aorta. 
Design: Prospective, open study. 
Material: Six volunteers. 
Methods: MR FAcE velocity method was devetoped for measurements of mean, maximum, inimum WSS and oscillating 
shear index (OSI) values at the anterior and posterior walls of supr renal and infrarenal abdominal aorta. 
Results: The mean, maximum and minimum WSS values were 0.63/0.28, 4.07/2.72 and -0.71/-1.00 N/m 2, respectively, 
in the suprarenal/infrarenal aorta. The mean WSS was 0.35 N/m 2 (p<O.O01) and the maximum WSS was 1.36 N/m 2 
(p<O.O00i) lower in the infrarenal aorta than in the suprarenal orta. Mean, maximum, inimum WSS and OSI values 
in the infrarenal position differed (p<O.01) between the anterior and posterior walls. 
Conclusion: WSS can be determined in vivo by MR FAcE velocity technique. Since the lowest WSS values were 
measured in the infrarenal, posterior blood-to-wall interface, the th ory of more pronounced atherosclerosis development 
in low and oscillating WSS domains was not contradicted by the results of the present study. 
Key Words: Atherosclerosis; Haemodynamics; Human abdominal orta; Magnetic resonance phase contrast; Wall shear 
stress. 
Introduction 
The physical forces acting on the interface between 
the flowing blood and the arterial wall during the heart 
cycle have long been suggested to be determinants 
for development of atherosclerosis. ~ Studies of young 
cadavers have shown that the infrarenal abdominal 
aorta and especially the distal posterior aspect is more 
prone to develop atherosclerosis than the suprarenal 
aorta. 2Based on in vitro and animal studies it has been 
speculated that the main haemodynamic factor is wall 
shear stress. 3~ 
Wall shear stress (WSS) is the term for the mechanical 
stresses on the vessel wall exerted by the flowing 
blood: 
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= #u (Equation 1) 
Or wall 
where z is wall shear stress, Ix is dynamic viscosity, 
and #u/0r is the velocity gradient (change in velocity 
unit per change in radial distance unit = shear rate). 
In vitro investigations have documented a statistical 
correlation between atherosclerosis development and 
specific WSS conditions. 4'7 The low shear stress hypo- 
thesis suggests that atherosclerosis is likely to develop 
at regions of low or oscillating WSS. ~'s Other model 
studies have revealed WSS modulations of endothelial 
cell layer morphology and function. 9'~° 
The relation between WSS and development of 
atherosclerosis is not fully understood. 8 This is partly 
due to inadequate technology for measuring WSS in 
vivo and the shortcoming of in vitro studies. In vitro 
studies have some limitations. Firstly, a model study 
applies several assumptions uch as non-compliant 
walls, Newtonian behaviour of the blood, steady state 
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flow or unphysiological pulsatile flow wave form. In 
addition, average anatomical models and haemo- 
dynamics are often used thereby neglecting the case- 
by-case relation of geometry and WSS. 6 Finally, in vitro 
studies cannot be conducted in the format of follow- 
up studies, which in this case is relevant, since athero- 
sclerosis develops over time. 
Most in vitro measurements of WSS have been per- 
formed with laser-Doppler anemometry (LDA) which 
is a very accurate technique. 1~'12 Only invasive tech- 
niques for measurements of WSS in vivo exist up to 
now. A special microscope LDA has been applied for 
WSS estimation, but the technique is invasive and 
difficult o handle. ~3 Hot film anemometry is invasive 
and semiquantitative at best. I4 High frequency ultra- 
sound Doppler can be used for WSS estimation, but 
this technique issemMnvasive, i.e. the transducer must 
be positioned right next to the vessel wall. 15 For these 
reasons these techniques are not suitable for studies 
in humans. 
Magnetic resonance (MR) phase velocity mapping 
is used to measure quantitative blood flow velocities 
non-invasively in blood vessels in vivo. The technique 
is accurate for total volumetric blood flow as well as 
for point blood velocity measurements. 16-2° An exact 
measurement of WSS in vivo with MR depends upon 
(1) determination of the velocity profile with a high 
spatial resolution at the vessel wall, i.e. in haemo- 
dynamic terms measurements must be made within 
the boundary layer close to the vessel wall (this bound- 
ary layer is 0.5-1.5 mm in the abdominal aorta) ~ and 
(2) exact determination of the vessel wall position. 
With the spatial resolutions currently available for in 
vivo measurements with MR a subpixel edge detection 
of the arterial wall is required. At our laboratory we 
have implemented the MR FAcE (FID Acquired Echo; 
FID = Free Induction Decay) velocity mapping 
method, which have a low echo time (5 ms) and a 
high signal-to-noise ratio (S/N) when measuring flow 
at high in-plane spatial resolution (0.5 x 0.5 mm 2 pixel 
size). 
The aims of the present study were: (1) to apply a 
new non-invasive method for quantification of WSS 
in vivo by MR FAcE velocity mapping and (2) to apply 
the method to the suprarenal and infrarenal aorta in 
normal subjects. 
Methods and Materials 
Population 
Eight healthy, unsedated young volunteers were in- 
cluded in the study (mean age 26.4 years; range 23-30) 
Six subjects provided measurements in all four 
measurement positions. The study was approved by 
the institutional committee on human research, and 
individual informed consent was obtained according 
to the Helsinki II declaration. 
Measurement techniques and data acquisitions 
Measurements were performed using a 1.5 T 15S Phil- 
ips Gyroscan whole body scanner with the FID 
Acquired Echo (FACE) technique applied for in vivo 
blood velocity measurements. 18'21 To minimise res- 
piratory movement in the abdominal region the vo- 
lunteers were equipped with a non-magnetic corset. 
Velocity measurements in aorta were performed 1.5 
cm above the coeliac trunk and 3.5 cm above the aortic 
bifurcation after initial visualisation ofmorphology by 
sagittal and coronal MR images. Above as well as 
below the kidneys, measurements were made at the 
anterior as well as the posterior aortic wall. Depending 
on heart rate, 23-30 frames were recorded through the 
cardiac ycle with an interval of 31 ms. Slice thickness 
was 7 ram, and the pixel size was 0.7 mm 2 above the 
kidneys and 0.5 mm 2 below using an acquisition matrix 
of 256 x 256 pixels. The standard body coil was used 
suprarenally, and a 14 cm diameter circular surface 
coil was used infrarenally in order to improve the 
S/N ratio. The echo time was 4.6 ms and 5.4 ms for 
the suprarenal and infrarenal measurements, respec- 
tively. The velocity sensitivity (Vmax) varied from 
__+0.44 m/s  to __+0.50 m/s. 
Data analysis 
The blood velocity data were subtracted and the mod- 
ulus image was used as a mask on the phase data by 
setting the values in each pixel to zero velocity which 
had a signal intensity of less than 20% of the maximum 
intensity. The velocities which were outside the chosen 
velocity range (_+ Vma0 were unwrapped. The velocity 
data were then processed to provide a grey scale 
image, a contour plot and a linear plot in the horizontal 
and vertical planes. All plots were visualised sim- 
ultaneously on a large computer video screen in order 
to locate the anterior and posterior edge pixels as 
illustrated in Fig. la. 
Wail shear stress calculations 
In order to calculate WSS it is necessary (1) to estimate 
the gradient of the velocity profile at the vessel wall 
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Fig. 1. (a) To the right a greyscale picture of the velocity data at the infrarenal position at peak systole after application of the noise 
mask. To the left a magnification f the anterior wall area. The grey squares represent theselected ata for WSS calculation with light 
grey shading representing the edge pixel and dark grey shading the first pixel inside the aortic lumen. (b) Graphical representation 
of the calculation method for WSS. The linear profile at the vessel wall was determined by the measured velocity of the edge pixel 
(V1) and at the first interior pixel (V2). Using the assumption mentioned in the text, this gives the accurate position of the wall (d-x) 
inside the edge pixel and the velocity within the edge pixel (V~). The pixel size (d) is 0.5 x 0.5 mm 2. 
and (2) to make an accurate determinat ion of the wall 
posit ion within the edge pixel. In the present s tudy the 
linear curve fitting method was applied. 11 To achieve 
subpixel edge detection two assumpt ions were made:  
(1) the static area, i.e. the vessel wall  in the edge pixel 
must  not contr ibute to the velocity measured in this 
pixel (V1 in Fig. lb) and (2) the velocity profile is 
linear close to the wall. These assumpt ions lead to the 
fol lowing equations ( ee Fig. lb  for nomenclature):  
Vld = Vcx (Equation 2) 
If the velocity profile is l inear we  have: 
and 
V2 
tan ~ = x + ~d (Equation 3) 
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Fig. 2. The wall shear stress as function of time (left axis) and total volumetric blood flow as function of time (right axis) from one 
subject. WSS values from the posterior walls of the suprarenal and infrarenal positions were used. By convention, the value of WSS 
is positive when measured with the blood flowing from the heart, negative with retrograde flow present. ( - -O-- )  WSS suprarenal 
posterior wall; ( - - t - - )  WSS infrarenal posterior wall; ( - -©--)  suprarenal blood flow; ( - -O--)  infrarenal blood flow. 
Vc I Aneg I (Equation 6) 
tan ~ =1_~ (Equation 4) OSI = [Aneg ] q- I Apos J gx 
By combining Equations 2, 3 and 4, x can be found. 
The wall shear rate can then be calculated: 
~U V2 
8r -x+½d 
(Equation 5) 
In cases where the edge pixel velocity is high compared 
to the interior pixel, the calculated value of x may be 
greater than d (see Fig. ib). In these cases the vessel 
wall was considered to be at the edge of the pixel, i.e. 
X ~ d. 
WSS values were calculated at the four locations for 
each phase throughout the cardiac ycle in all subjects 
for all time frames. WSS was accordingly calculated 
for all time frames throughout the heart cycle. Figure 
2 shows an example of WSS values through the cardiac 
cycle and the corresponding measured flow curve in 
one subject. The mean, maximum and minimum WSS 
values throughout the cardiac ycle were determined. 
Finally, we calculated the oscillating shear index, OSI22; 
where aneg and Apo s are the areas under the WSS vs. 
time curve (see Fig. 2) when the WSS attains anegative 
or a positive value, respectively. Conventionally, the 
WSS values opposite the main direction of flow are 
assigned a negative value. The index describes the 
degree of deviation of WSS from the antegrade dir- 
ection. 
Statistics 
A paired Student's two sided t-test was used to test 
for significant difference (p<0.05) between the mean 
WSS values determined at the two different locations 
and wall positions. 
Results 
Mean, maximum, minimum WSS and OSI values are 
summarised in Table 1. Mean WSS (p<0.001) as well as 
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Table 1. Summary of WSS results and statistical analysis. 
Location in abdominal orta 
Mean wall shear stress values ± 1 VAR [N/m 2] 
Mean Max Min OSI 
Suprarenal anterior 0.54 ± 0.02 3.84 ± 0.25 - 0.96 + 0.27 0.13 ± 0.01 
posterior 0.71 ± 0.02 4.30 ± 0.64 - 0.46 ± 0.02 0.03 ± 0.00" 
Infrarenal anterior 0.38 ± 0.00 2.90 ± 0.10 - 0.76 ± 0.09 0.13 ± 0.01 
posterior 0.18 ± 0.0@- 2.54 ± 0.15" - 1.25 ± 0.06f 0.31 ± 0.00# 
Mean suprarenal 0.63 ± 0.02 4.07 ± 0.46 0.71 ± 0.20 0.08 ± 0.01 
Mean infrarenal 0.28 ± 0.01t 2.72 ± 0.15t - 1.00 ± 0.13 0.22 ± 0.01" 
Mean, max, rain and OSI is the time-average WSS values through the heart cycle, the maximum WSS value, the minimum WSS value, 
and the oscillation shear index value, respectively. OSI values are dimensionless, allother values are in N/m 2. VAR is the variation. 
The last two rows present the mean of the anterior and posterior walls, i.e. the mean of 12 measurements. The Student's t-test was used. 
* indicates ignificant difference at the 5% level. 
t indicates ignificance at the 1% level. 
max imum WSS (p<0.0001) was lower in the infrarenal 
than in the suprarenal aorta. The min imum difference 
was not statistically significant. The OSI was higher 
(p<0.05) in the infrarenal aorta than in the suprarenal 
aorta. The mean, maximum, min imum WSS and OSI 
values in the infrarenal position differed (p<0.01) be- 
tween the anterior and posterior walls. In the sup- 
rarenal position this was only the case for the OSI 
(p<0.05). 
In Fig. 2 a typical example of an individual WSS vs. 
time wave form is depicted from the suprarenal and 
infrarenal posterior wails together with their cor- 
responding flow vs. time wave form. The large dif- 
ference as indicated by Table 1 in WSS and OSI values 
from the suprarenal to the infrarenal position is clearly 
seen, and a triphasic pattern is recognised for all four 
graphs. The WSS wave forms follow the shape of the 
average flow wave forms, 
In Fig. 3a the mean of the wall shear stress values 
from all subjects are presented as functions of time 
for the suprarenal'posit ion at the posterior and anterior 
walls. The WSS wave forms show a triphasic con- 
figuration through the heart cycle. The main dif- 
ferences between the anterior and the posterior wall 
WSS values are the peak and negative values (see 
Table 1). This tendency was seen in four of six cases 
and five of six cases for the max imum and min imum 
WSS values, respectively. These differences as well as 
the mean WSS values did not differ significantly. 
In Fig. 3b the mean of the wall shear stress values 
from all subjects are presented as functions of time 
for the infrarenal position at the posterior and anterior 
walls. The WSS wave form shows a triphasic con- 
figuration through the heart cycle. The main dif- 
ferences between the anterior and the posterior wall 
WSS values were the peak and negative values. This 
tendency was  seen in five of six cases and six of six 
cases for the max imum and min imum WSS values, 
respectively. These differences as well as the mean 
WSS values and OSI were significant (see Table 1). 
Discussion 
It is possible to measure in vivo WSS non-invasively 
when using the MR FAcE velocity method with a high 
spatial resolution. The values for WSS and OSI showed 
that max imum and mean WSS were significantly 
higher and OSI was signicantly lower in the suprarenal 
than in the infrarenal aorta. In addition, significant 
variations were found between the anterior and pos- 
terior walls at the same axial locations. In all four 
measurement locations the same triphasic wave form 
was seen throughout he heart cycle. This result was 
expected since WSS will tend to follow the average 
flow wave form in a straight vessel. The triphasic 
configuration was most pronounced in the infrarenal 
position. Since atherosclerosis is more likely to develop 
in the infrarenal posterior than in the suprarenal 
aorta, 2'23 the results of this study did not contradict 
the hypothesis that low and oscillating WSS may be 
determinant factors for atherosclerosis formation. 1'4-8 
Measurement of accurate non-invasive WSS in vivo 
by MR-scanning is dependent on (1) high-quality (high 
S /N  ratio) flow measurements with high spatial res- 
olution and (2) accurate edge detection techniques. 
Until now a subpixel edge detection for MR flow 
measurements has not attracted much interest, since 
manual  tracing of the edge has proven sufficiently 
accurate for total volume flow measurements,  and 
since the edge and the near edge pixels do not con- 
tribute much to the total flow calculation. When es- 
timating WSS with the resolution available on existing 
MR scanners it is important o estimate the subpixel 
edge position.We used the MR FAcE velocity method 
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Fig. 3. The mean WSS values (_+ 1 S.D.) from the anterior and posterior walls as a function of time from (a) the suprarenal position 
and (b) the infrarenal position. Each point represents he mean of all measurements from all six subjects. (--0--) posterior wall; 
(--O--) anterior wall. 
with the highest spatial resolution applied so far 
(0.5 mm 2 pixel size), low echo time (TE 5 ms) and a 
high velocity sensitivity (Vmax_+0.5 m/s) .  This made 
unwrapping necessary but had the advantage of more 
accurate quantification of the lower velocities close to 
the vessel walls. In addition, we made assumptions 
about the MR wall edge pixel velocity and provided 
exact wall edge detection. 
The study showed large inter-subject variability of 
WSS values. The standard deviations were higher for 
the mean suprarenal WSS values as compared to the 
infrarenal values (see Fig. 3 and Table 1). This could 
be due to lower S /N  ratio and the lower spatial in- 
plane resolution in the suprarenal position caused by 
the use of the body coil in this position. Mean values 
of WSS ranged from 0.18 N/m 2 to 0.71 N/m 2 at the 
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posterior walls of the infrarenal and suprarenal aorta, 
respectively (see Table 1). 
Since another non-invasive in vivo method for 
human WSS measurements has not yet been de- 
veloped, our WSS values cannot be compared to those 
obtained by other methods. Indirect evaluation of the 
human WSS measurements could be application of 
the accurate edge detection using the ultrasound 
echo-tracking system used by L~nne et al. 24 A more 
thorough evaluation could necessitate an animal 
model applying high frequency ultrasound as pro- 
posed by Keynton et alJ 5 
The main limitations of the method used in the 
present study are: (1) The method is partly subjective, 
since the localisation of the edge is determined by the 
investigator by inspecting each frame of the heart 
cycle. (2) The method is time consuming and com- 
plicated which makes the method cumbersome. (3) 
Certain assumptions about the edge pixel are neces- 
sary. (4) A linear curve fitting method was used. This 
was necessary due to the few data points acquired 
within the boundary layer, so higher order curve 
fitting methods were impractical, but it introduces an 
systematical underestimation f peak WSS values of 
approximately 25% on the average for this study ac- 
cording to Lou et al. 11 (5) The MR measurements 
(and WSS values) are not processed in real-time, but 
through one thousand (1024) heart cycles. This makes 
the measurements sensitive to movement and change 
in haemodynamics. (6) The use of a corset for res- 
piratory reduction of movements in the infrarenal 
position might increase the intra-abdominal pressure 
and change the physiologically normal flow wave 
form in the abdominal aorta. (7) The method only 
measured the axial component of the blood velocity. 
This simplification is not likely to introduce large 
errors in relatively straight vessels with no disturbed 
flow such as the abdominal aorta. When more complex 
flow is present it will be necessary to measure at 
least two dimensional if not three dimensional blood 
velocity components (MR holds the capability of three 
dimensional flow measurements 2°) in order to ac- 
curately calculate WSS. (8) The high resolution ob- 
tained infrarenally can only be used in vessels close 
to the body surface due to the limitated penetration 
of the surface coil. (9) Due to the masking routine it 
is possible that the low velocities near the aortic wall 
might be considered as zero introducing an error. 
(10) The relatively low heart phase frame repetition 
frequency (31 ms) might introduce a small un- 
derestimation of the mean WSS due to undersampling 
in the rapid change during early systole. 
In order to address ome of these limitations, new 
objective and semi-automated or fully automated 
methods hould be developed for calculation of WSS 
and accurate dge detection. This should be possible 
in the near future since semi-automated ge detection 
MR methods have been introduced. 2~ The main lim- 
itation of the presently available methods is lack of 
precision at a sufficiently accurate level for WSS cal- 
culation. Recently, we suggested a new routine to 
address some of these problems, but further ex- 
periments and development remain to be made. a6 
Several studies have recently suggested methods to 
make in vivo MR WSS estimation possible. Two have 
proposed Fourier velocity encoding 27'28 and four have 
suggested MR phase velocity encoding 26'29-3I (similar 
to the current study) in combination with different 
edge detection methods. 
Only few studies have examined WSS in models of 
the abdominal aorta. Pedersen eta].  6 used LDA to 
measure flow and WSS above and below the kidneys 
in a cast of the abdominal aorta. The results showed 
low wall shear stresses in regions where atherosclerosis 
predominantly develops in young adults. An ad- 
ditional finding was the same difference between the 
suprarenal and infrarenal positions as found in the 
present study. This was also found by Moore et al. 22 
using an MR phase velocity method in a similar model 
of the abdominal aorta, but the WSS values were 
significantly lower than those found in the present 
study and the values found by Pedersen. This is prob- 
ably due to the fact that Moore used an unrealistic 
fully developed inlet flow profile. 
The finding of higher OSI values at the anterior 
compared to the posterior suprarenal wall in the cur- 
rent study is not corroborated by the in vitro studies 
mentioned above. This might be due to a more complex 
inflow in the abdominal aorta s2 in vivo or due to some 
of the limitations of either the in vitro studies (see 
introduction) or the present in vivo study. 
This study has used the MR FAcE method in order 
to investigate haemodynamic WSS variables that might 
make some individuals prone to development of 
atherosclerosis in well defined segments of the arterial 
system, but refinement as well as evaluation of the 
method are required before more detailed knowledge 
can be obtained with regard to the relation between 
different WSS values (mean, minimum, maximum and 
the oscillating shear index) and the initiation and 
development of disease processes. 
Magnetic resonance has the potential for non-in- 
vasive in vivo studies of the relation between blood 
flow patterns and the development of atherosclerotic 
disease since MR has the potential of imaging the 
detailed structure of arteriosclerotic plaques, three- 
dimensional ngiography and estimation of local com- 
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pliance. 33-35 With substantially improved gradient and 
surface coil systems providing higher spatial res- 
olution and S/N ratio and using improved automated 
wall edge detection 25'26 it should soon be possible to 
acquire fast and accurate WSS measurements in the 
human body. 
In conclusion, the present study demonstrated that 
WSS can be measured non-invasively in the human 
aorta. The lowest WSS values were measured in the 
infrarenal, posterior blood-to-wall interface. This is the 
region where atherosclerosis is most prone to develop. 
The quantitative results are analogous to previous in 
vitro studies. To assess the final usefulness of MR 
velocity mapping for WSS measurements, further de- 
velopments are necessary before WSS can be measured 
at locations with complicated and pathological flow 
patterns uch as in smaller vessels with stenoses or in 
anastomotic areas. 
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